Introduction {#S1}
============

Shoulder girdle kinematics involves the synergic motion of three bones (humerus, clavicle, and scapula) and the interaction of three joints (glenohumeral, sternoclavicular, and acromioclavicular), combined with a so called functional joint (scapulo-thoracic), which describes the rotation and sliding of the scapula on the thorax ([@B19]; [@B14], [@B15]). Alterations of this fine scapular mechanism are referred to as dyskinesis ([@B11]; [@B21]) and have detrimental effects on the whole kinematic chain ([@B16]; [@B5]; [@B15]). While performing athletic actions, especially in disciplines involving repeated overhead maneuvers, a premature or excessive rotation of the scapula during humerus elevation or lowering can induce abnormal sliding of the humeral head. This in turn might lead to the impingement syndrome ([@B26]; [@B4]; [@B21]; [@B5]).

In healthy athletes, fatigue is known as a factor increasing the risk of scapular dyskinesis. The reason is that fatigue induces weakness in rotators cuff muscles \[supraspinatus, infraspinatus, subscapularis, and teres minor ([@B5])\] and in scapula stabilizers \[upper-middle-lower trapezius, serratus anterior, and latissimus dorsi ([@B21])\]. Further, fatigued extra-rotators might not be able to compensate the superior destabilizing shear forces exerted by the deltoid, leading to a compression of the humeral head in the glenoid cavity ([@B28]). As such, a general consensus exists on the effect of muscular fatigue on scapulo-thoracic rotations. However, their range and direction is still debated ([@B21]). [@B5] observed a larger upward scapular rotation and unchanged tilt angle, while [@B21] did not find significant changes in scapular rotation after a fatigue protocol for scapular stabilizers. Other Authors reported a range of apparently contrasting results concerning the increment or decrement of scapular rotations in various athletes populations ([@B26]; [@B7]; [@B16]). Discrepancies between studies can be attributed to the degree of humeral elevation and the postural arrangement adopted in the fatigue protocols (prone, sitting or standing position), the applied load (bottle, elastic band, and sport-specific actions) or upper limb movement (elevation or abduction) ([@B13]).

A natural movement shared by many sports, the humerus abduction on the scapular plane \[30-degrees with respect to the coronal plane ([@B19])\] can highlight changes in the scapulo-humeral rhythm. The scapulo-humeral rhythm is conventionally set at 1:2, according to the Inman's classic ratio between the angles of the humerus and scapula, respectively ([@B9]; [@B2]; [@B17]; [@B19]). Whether or not fatigue could alter this ratio is still an unclear subject that merits further investigation.

Therefore, this study aimed at addressing whether a close-to-exhaustion exercise involving intra and extra upper limb rotators could induce scapular dyskinesis in overhead athletes. The topic is relevant for the athletes' health, as we hypothesize that an increased scapular rotation can be accompanied by an unchanged humerus range of motion, thus impacting on the scapulo-humeral rhythm and leading to higher impingement risk; the related timings could also be affected. In addition, angular ranges could be altered during elevation (typical of handball and volleyball), scapula abduction in the scapular plane (a natural action) or abduction on the pure coronal plane (typical of gymnastics and throwing). A better knowledge of these mechanisms could help coaches and clinicians in choosing the exercise load while minimizing the likelihood of scapular dyskinesis. Further, with a better understanding of the kinematic effects of fatigued intra and extra rotator muscles we might be able to suggest specific training strategies to prevent kinesio-pathological movement patterns.

Materials and Methods {#S2}
=====================

Participants {#S2.SS1}
------------

A cohort of 24 healthy male participants \[age: 22 (SD 2) years, stature: 1.82 (SD 0.06) m, body mass: 78.0 (SD 7.8) kg\] were recruited on a voluntary basis. Each subject was training at least three times a week, 2 h per session. However, they all refrained from any intense physical activity in the 2 days preceding the test. They all provided formal written consent, after being informed on the related risks and benefits of the research. All participants were right-handed and had 5 to 10 years of training experience in disciplines involving overhead actions. Participants did not experience any history of pain or injuries at the shoulder girdle nor in the thorax/scapular region in the year before the study.

This research was approved by the Institutional Ethics Committee (protocol 26/2016) and met the current ethical standards in Exercise Research stated in the Declaration of Helsinki.

Study Design and Procedures {#S2.SS2}
---------------------------

This observational case-series study involved two repeated kinematic measurements taken before and following the fatigue protocol, as detailed in [@B12]. Each measurement included three upper limb movements on the right side (dominant for all subjects): (i) elevation, (ii) abduction in the scapular plane, (iii) intra-extra rotation (with the elbow flexed at 90 degrees). Participants were acquainted with the exercise in the days preceding the laboratory session, and followed the verbal and visual instructions of an experienced physiotherapist during the test. Each subject performed the actions at his personal pacing, as we were interested in measuring movement timings. A 30-s kinematic calibration procedure was also required to ensure proper joints kinematic reconstruction, and it was performed before the first and after the second test repetition, as explained in section "Data Processing."

Reflective markers were placed in the following anatomical positions, according to ISB recommendations ([@B29]): C7, T8, suprasternal notch, processus xiphoideus (thorax); trigonum spinae, angulus acromialis (scapula); medial and lateral humeral epicondyles (humerus). Two additional marker clusters were placed on the posterior-lateral acromion ([@B1]) and on the upper arm for the tracking of scapular motion and for the determination of the glenohumeral joint center, respectively. The marker set is visible in [Figure 1](#F1){ref-type="fig"}.

![Marker placement and schematic representation of the three performed actions (initial and ending posture). Significant post-fatigue changes were also briefly reported below.](fbioe-08-00302-g001){#F1}

Between the repetitions of the kinematic tests, participants performed a fatigue protocol on an isokinetic dynamometer (Biodex Multi-Joint System 4 Pro, Biodex Medical Systems, Inc., Shirley, NY, United States). The device was set for upper limb intra-extra rotation from 0 degrees (internal rotation) to 90 degrees (external rotation), while the elbow was flexed at 90 degrees and the shoulder abducted at 90 degrees ([@B12]). Participants seated at the isokinetic dynamometer with their back against a chair and were secured with belts in order to avoid trunk or shoulder movements. The fatigue protocol consisted of three sets of 32 repetitions at isokinetic speed of 120 degrees/s, with one-minute recovery between sets, as detailed by [@B18]. Post-fatigue testing in principle, should have been done immediately upon completing the protocol, but experimental procedures delayed the second measurement up to 90 s from the end of the isokinetic protocol. Keeping rest time below 120 s still allowed the second measurement session to be conducted in real fatigue conditions ([@B7]): a longer rest time would have produced a restoration of the alterations produced by the exercise at cellular (metabolic changes and mitochondrial disturbances) and blood-flow level ([@B3]; [@B23]).

Data Processing {#S2.SS3}
---------------

Custom MATLAB (v. 2018b, Mathworks Inc., Natwick, United States) routines were developed. Raw three-dimensional coordinates were filtered at 6 Hz (Butterworth zero-lag, second-order low-pass filter). The glenohumeral joint center of rotation was determined through the calibration recording using the least-squares algorithm described in [@B10]. Subsequently, for the humerus and trunk we implemented the coordinate systems defined by the ISB recommendations ([@B29]), while the scapular coordinate system was slightly modified due to the marker cluster ([@B20]; [@B24]; [@B22]). Scapula-thoracic angles were obtained with an YXZ Euler sequence ([@B29]), upward rotation of the scapula was defined as the inferior border of the scapula rotating laterally. Posterior tilting of the scapula was defined as the inferior border of the scapula tilting anteriorly. Scapular Retraction was defined as the medial border of the scapula moves toward the vertebral column. The scapula-humeral angles were computed as an YXY Euler sequence ([@B29]), and we considered humeral elevation and intra-extra rotation ([Figures 1](#F1){ref-type="fig"}, [2](#F2){ref-type="fig"}).

![Results of joints Ranges of Motion (RoM) and Humerus-Scapula movement onset delay presented as boxplots for each movement (rows). Significant *post hoc* tests are reported.](fbioe-08-00302-g002){#F2}

Angular ranges of motion (RoM) were computed during motion. To determine the movement onset delay, we automatically set events on the time series of scapular rotation and humerus elevation: movement started when the angular value differed by more than 5 degrees + 10% SD with respect to the mean value computed in a one-second recording at rest; similarly, movement ended when the angle returned below the same threshold. Humerus-scapular movement onset delay was also computed relative to the first and second movement as the difference between the first time instant of scapular rotation and of the humerus elevation ([Figure 3](#F3){ref-type="fig"}).

![Determination of movement onset in the upper limb elevation (movement 1) and abduction in scapular plane (movement 2): movement started when exceeding the threshold by 5 degrees (+10% standard deviation) of the rest value. Data refer to a single test repetition. H, humeral; S, scapular.](fbioe-08-00302-g003){#F3}

Statistical Analysis {#S2.SS4}
--------------------

After checking for normality with Jarque-Beta tests, we tested condition-related differences in the RoM and delay variables. A repeated-measures ANOVA design was implemented with factors Condition (before and after the fatigue protocol) and Movement. For readability, ANOVA results were limited to the Condition factor and the interaction between Condition and Movement. *Post hoc* tests were performed adopting a Dunn-Sidak correction of the significant threshold. The alpha level was set at 0.05. Cohen's *d* Effect Size was computed for paired *post hoc* comparisons. Effects \< 0.3, between 0.3 and 0.5 and larger than 0.8 were considered small, medium and large, respectively ([@B6]).

Results {#S3}
=======

All RoMs were comparable from before to after the fatigue protocol (*p* \> 0.05, low-to-medium effects), with the exception of humerus elevation in the third movement (internal/external humerus rotation), which was reduced in fatigued conditions (*p* = 0.006), as reported in [Table 1](#T1){ref-type="table"}. A tendency to increase in RoM scapular tilt was observed after the fatigue protocol (large effect, *p* = 0.063). As expected, we found substantial differences in joints RoM across the three movements (Movement factor, *p* \< 0.001). Humerus-scapular movement onset delay reduced in fatigued conditions of about 80 ms (*p* \< 0.001, large effect), with a high interindividual variability and a significant Condition × Movement interaction.

###### 

Mean (SD) of angular ranges of motion (deg) of Humerus (H), Scapula (S), and humerus-scapula movement onset delay; ANOVA's Condition factor and Condition × Movement interaction results are reported.

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                  **Movement 1:**\   **Movement 2:**\               **Movement 3:**\            \               **Condition ×**\                                                                     
                  **Elevation**      **Scapular-plane abduction**   **Intra-extra rotation**   **Condition**    **Movement**                                                                         
  --------------- ------------------ ------------------------------ -------------------------- ---------------- ------------------ ------ ------------ ------------ ------ ------ ----------- ------ -----------
  H. Elevation    72.9(16.9)         73.1(18.5)                     0.02                       39.8(18.5)       42.6(18.6)         0.15   21.3(3.9)    9.3(3.2)     1.71   3.34   **0.038**   1.45   0.230

  H. Rotation     65.4(12.5)         65.3(14.9)                     0.00                       47.1(14.2)       47.1(11.8)         0.00   82.5(14.6)   76.5(15.0)   0.40   0.69   0.499       0.71   0.400

  S. Retraction   39.5(11.2)         35.9(10.8)                     0.33                       21.3(12.8)       22.0(10.1)         0.07   25.7(11.2)   25.2(8.6)    0.06   0.49   0.611       0.34   0.531

  S. Rotation     48.9(6.5)          48.2(5.6)                      0.12                       35.1(10.3)       39.7(8.4)          0.47   6.4(2.8)     7.6(2.6)     0.42   1.87   0.158       2.12   0.148

  S. Tilt         36.5(10.3)         37.8(11.8)                     0.11                       25.9(11.9)       27.4(9.4)          0.14   5.1(2.3)     10.9(3.2)    1.45   0.94   0.394       3.39   0.068

  Delay (ms)      84.29(59.26)       1.12(34.43)                    1.31                       −80.39(105.59)   −75.04(97.34)      0.05   −            −            −      6.76   **0.011**   5.23   **0.025**
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

D, Cohen's

d

effect size, significant

p

values in bold.

Discussion {#S4}
==========

The main finding of this study is that fatigue altered the timing of the scapulo-humeral rhythm, while scapula-humeral and scapula-thoracic ranges of motions were only slightly affected. The understanding of the mechanisms leading to the impingement syndrome and humeral head migration is the first step toward an effective prevention plan in overhead athletes. This in turn leads to great benefits in terms of sport practice, clinical care and social burden and most important, pain reduction and quality of life improvements.

Fatigue-Induced Kinematical Alterations {#S4.SS1}
---------------------------------------

In this study, we investigated the changes in the humeral and scapular rotation following an objective fatigue protocol (isokinetic exercise) on the intra and extra rotator muscles ([@B12]). Weakness in such muscle groups were previously associated to variations in scapula-humeral rotations (dyskinesis) and to the migration of the humeral head toward the acromion ([@B16]; [@B5]).

We did not find any significant change in the range of humeral rotations in the scapular-plane abduction (first movement); at the scapular level, just slight (and not-significant) variations were observed, as in [@B16]. This result should be considered together with the other minor changes in rotations (see [Figure 2](#F2){ref-type="fig"}), which substantially did not affect the timing of humerus and scapula (non-significant movement onset delay). Conversely, scapular upward rotation range slightly tended to increase in the second and third movements (not significantly but with a medium effect size). We hypothesize this could be a sort of conservative adaptation to prevent impingement. This finding is in line with those by [@B16], who proposed a similar fatigue protocol. Also ([@B5]) found changes in the upward scapula rotation. Interestingly ([@B21]), did not find any modification in rotation, tilt and retraction after a fatigue protocol focused on stabilizers as trapezius, serratus, and latissimus dorsi. Since we observed a dyskinesia in fatigued conditions (i.e., retraction reduction), which could in turn deteriorate the scapulo-humeral rhythm, we can argue fatigued extra rotators might be the responsible of both dyskinesis and changes in the scapular rotation and tilt ([@B7]).

The significant reduction of humeral elevation RoM in fatigued conditions suggests a strategy by which the humerus tends to reduce its excursion to avoid upward translation. This constitutes an example of preventive movement pattern operated by the neuromuscular controller to preserve its own integrity ([@B25]). While not significant, scapular anterior tilt almost doubled during intra-extra upper limb rotations (large effect), and upward/downward rotation increased with medium effect. These findings suggest a pattern where the increased scapular motion compensated for the reduced humeral rotation (large effect) induced by fatigue. In addition, [@B7] observed clearer variations in scapular rotations corresponding to a humerus elevation between 60 and 90 degrees, with a reduction in posterior tilt. [@B16] measured an increased scapular rotation in all the three planes in overhead athletes following a fatigue protocol based on throwing actions. However, absolute ranges measured in the current study were aligned with those of [@B5] and [@B7].

Therefore, in the light of our and previously published results ([@B7]; [@B4]; [@B21]; [@B5]), we could argue that fatigue-induced dyskinesis does not manifest itself as a defined change in a unique parameter in all individuals. Rather, fatigue can produce a sequence of minor alterations (sometimes opposed or inconsistent) that would not be relevant alone, but that can lead to disfunction when considered together. In these terms, preventing rotator muscles weakness and adopting scapular-plane actions can be both effective strategies to preserve athletes' integrity. It also appeared that upper limb movements closer to the trunk would ease the action of the stabilizers and of the serratus anterior, responsible of scapular protraction ([@B19]), also facilitating the eccentrical contraction of the middle trapezius and rhomboid major. These muscle groups control the scapular protraction.

Limitations {#S4.SS2}
-----------

The assessed cohort involved overhead athletes from different sports and adopted a quantitative yet general isokinetic fatigue protocol: as such, the present work shares with previous investigations the non-specificity of the fatigue protocol ([@B7]; [@B4]; [@B21]) and the general characteristics of the studied cohort ([@B27]; [@B16]). A fatigue exercise tailored on discipline-specific actions would enhance the ecological validity of the results (as athletes used to fatigue in their sport could have already some adaptations to fatigue) and possibly highlight further insights ([@B8]; [@B30]).

Conclusion {#S5}
==========

Fatigued intra and extra upper limb rotators altered the scapulohumeral rhythm and to some extent joints RoM when movement were out of the scapular plane. Our findings suggest that in fatigued conditions we should place particular attention in requesting athletes to perform this kind of actions and possibly to avoid elevations of more than 90 degrees ([@B4]; [@B16]; [@B5]). Rather, athletes should be instructed to perform as much as possible movements close to the scapular plane, which resulted in less fatigue-induced kinematic alterations.

In this terms, eccentric strength training focused on middle trapezium and rhomboids might also help as a prevention strategy. Additionally, intra-rotators muscle are the primary movement drivers in explosive overhead actions (e.g., throw, pitch, and spike, etc.), thus they are more likely to get fatigued earlier. An increase in muscle tone of these groups might prevent negative scapular tilt alterations preserving a correct glenoid orientation. In conclusion, it is worth noticing that given the multifactorial (and in principle discipline-specific) nature of fatigue-induced kinematic effects, these results do not allow to devise a single, a universal exercise/program able to prevent dyskinesis. Providing adequate between- and within-sessions rest periods appears the only reliable approach to minimize the risk of such impairment.
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